In 1992, the ground-dwelling maize pest Diabrotica virgifera virgifera LeConte (the western corn rootworm) was found for the Þrst time in Europe and has since spread from eastern to central Europe (Miller et al. 2005) . In the United States, damage caused by rootworms has been calculated at more than $1 billion per year (Rice 2004) ; in Europe, costs for controlling the pest are expected to be €472 million per year (Wesseler and Fall 2009) . The major damage to maize plants is caused by larval feeding on the roots, which disrupts water and nutrient uptake (Godfrey et al. 1993) . Generally, insect herbivores damage the plants they feed on directly, by removing plant tissue, but also indirectly, by creating wounds or entry points used by plant-pathogenic fungus to colonize the damaged plant tissues (Stutz et al. 1985 , Kalb et al. 1994 , Munkvold et al. 1999 . In addition to the direct damage caused by larval feeding, western corn rootworm may also transmit and accelerate belowground infections by plant-pathogenic fungi, but this indirect damage is not yet understood in detail.
One plant-pathogenic fungus that is likely to interact with western corn rootworm larvae is the fungus Fusarium verticillioides (Saccardo) Nirenberg (synonym ϭ Fusarium moniliforme Sheldon). F verticillioides is the most prevalent soilborne plant-pathogenic fungus of maize and causes corn seedling blight, root rot, stalk rot, kernel rot, ear rot, or systemic infection of maize (Danielsen and Jensen 1998 , Munkvold et al. 1999 , Munkvold 2003 . Moreover, on colonization of plant tissues, the fungus produces a wide range of mycotoxins including fusaric acids, fusarins, and fumonisins (Nelson 1992) . Fumonisins have gained much attention because they have been associated with fatal leucoencephalomalacia in horses, pulmonary edema in swine, esophageal cancer in humans, and cancer-promoting activity in rats (Munkvold and Desjardins 1997 , Voss et al. 2002 , Mouhoube et al. 2003 . Studies on the interactions between insect herbivore damage and mycotoxin contamination in maize plants have mainly focused on aboveground herbivores and especially on lepidopteran pest species like Ostrinia nubilalis (Hubner) and Mussidia nigrinivella (Ragonot) (Munkvold et al. 1999 , Mouhoube et al. 2003 . Gilbertson et al. (1986) investigated the interactions between western corn rootworm adults, which feed on silks and in the ear tips (as opposed to western corn rootworm larvae), and Fusarium spp. Moreover, recently published models that assess the risk for fumonisin contamination of maize after herbivore damage have only considered damage by aboveground insect pests (Maiorano et al. 2009 ). Palmer and Kommedahl (1969) found that maize plants growing in Þelds infested with northern corn rootworm Diabrotica longicornis (Say) exhibited a 1.4-fold increase in root infection by Fusarium spp. Since this pioneering work, no studies have been published investigating the interactions between western corn rootworm larvae and F. verticillioides in detail; more speciÞcally, no study has quantiÞed the potential risk of mycotoxin contamination resulting from larval damage to the roots. In cases where herbivorous insects and plant-pathogenic fungi share the same host plant, interactions ranging from competitive to mutualistic are possible (Rö der et al. 2007 ). The colonization of the host by the fungus may alter the chemical composition of the host with positive (Mondy and Corio-Costet 2004) or negative effects (Laine 2004) on the development and the Þtness of the herbivorous insects feeding simultaneously on these plants. Fusarium species or speciÞc isolates, however, may negatively affect insect performance because some species are entomopathogenic (Majumdar et al. 2008 , WendaPiesik et al. 2009 ) and some are known to produce secondary metabolites that inhibit insect defensive enzymes (Teetor-Barsch and Roberts 1983, Dowd 1999) . For example, larvae of the European corn borer that were orally inoculated with isolates of F. verticillioides developed lesions of the digestive tract (Vago 1958) . In this study, we investigated how the timing of western corn rootworm larval damage and F. verticillioides inoculation affect the incidence and severity of root colonization. We also tested the effect of F. verticillioides infections on the development of western corn rootworm larvae.
Materials and Methods
Cultivation of F. verticillioides and Handling of Western Corn Rootworm. We used a strain of F. verticillioides obtained from the German Resource Centre of Biological Material (No. DSM6224; DSMZ, Braunschweig, Germany). The fungus was previously maintained on potato extract glucose agar (39 g/liter) and on receipt was transferred to "Spezieller Nährst-offarmer Agar" (SNA; Nirenberg 1976) modiÞed as liquid culture. SNA liquid culture induces F. verticillioides to produce spores, which were used as inoculum in the experiment. The culture was maintained for 3 wk on a shaker at 100 rpm and 25ЊC. For inoculation of pots, spores were removed from the medium and suspended in water; spore concentrations were determined with a hemacytometer. Each plant that was inoculated with F. verticillioides received either 1 ϫ 10 6 spores (designated low inoculum) or 1 ϫ 10 7 spores (designated high inoculum) in 70 ml of water.
Plants that were not inoculated with F. verticillioides received 70 ml of water without spores. Western corn rootworm eggs from the nondiapausing strain were obtained from the USDAÐARS, North Central Agricultural Research Laboratory, Brookings, ND (Branson 1976) . The eggs were stored in petri dishes at 8ЊC. Before the experiment was started, the timing of larval hatch was determined with a hatch test as follows: eggs were kept at 26ЊC in 9-cm-diameter petri dishes (100 eggs per dish) with wet Þlter papers and were checked daily for larval hatching, which occurred after 14 d (data not shown). After the maize plants were transplanted at the start of the experiment, the eggs were incubated at 26ЊC and 65% RH and checked for visible larvae inside the egg shells using a dissecting microscope. After 12 d, which was 2 d before hatching, the eggs were washed using a sieve (250 m) and transferred into a 0.15% agar solution. Thereafter, 60 eggs where applied per plant in 2 ml of liquid agar; the eggs were applied 5 cm deep in the soil with a manual hand dispenser (Multipette Plus; Eppendorf, Hamburg, Germany). Additional eggs were added to petri dishes (six dishes with 30 eggs per dish) as described for the hatch test above to determine the hatch rate (85%) and to conÞrm that the neonates hatched on the date indicated by the initial hatch test.
Experimental Setup. A ßint ϫ dent maize cultivar (KWS13; KWS, Einbeck, Germany) was used in all experiments. Maize plants were sown in plastic trays (34 by 26 cm) in a mixture of potting soil and sand (1:1) and transplanted to pots (diameter 13 cm) 1 wk later. Gauze (Voile, 100% polyester; Alfatex, Goettingen, Germany) glued to the bottom of the pots prevented escape of the western corn rootworm larvae. Plants were kept in the greenhouse at 40% RH and 24ЊC for 6 wk with 16 h of illumination by sodium lamps (400 W, HS2000; Hortilux Schré der, Monster, The Netherlands). The maize plants were watered daily and fertilized once each week with a 2% Hakaphos blau solution (Compo, Mü nster, Germany).
Three weeks after transplanting, plants were inoculated with western corn rootworm eggs. In three different timing treatments, F. verticillioides was applied to the maize plants: (1) 2 wk before application of western corn rootworm eggs (early treatment), (2) at the same time as western corn rootworm eggs were applied (simultaneous treatment), and (3) 1 wk after the application of western corn rootworm eggs (late treatment). For each timing treatment, we prepared three different controls that included applications with western corn rootworm only, with F. verticillioides only, and without an application. Larvae of the western corn rootworm were allowed to feed for 20 d on the maize roots before they were extracted from the soil using a high-gradient Kempson extraction system (Kempson et al. 1968 ). Approximately 5 g of fresh root material was taken as a sample from near the bottom of the pot and were used for DNA extraction and quantiÞcation of F. verticillioides colonization of the root system. Larval instars were classiÞed based on head capsule width (Hammack et al. 2003) , which was October 2010 measured using a dissecting microscope Þtted with an ocular micrometer.
DNA Extraction and Real-Time Polymerase Chain Reaction for Quantification of F. verticillioides. The root samples (Ϸ5 g of fresh material per pot) were wrapped in aluminum foil, freeze-dried for 72 h, and ground to a Þne powder with a laboratory mill (Analysenmü hle A10; IKA Labortechnik, Staufen, Germany). DNA was extracted from milled roots using a CTAB protocol described previously (Brandfass and Karlovsky 2008) . Quality and quantity of DNA were assessed by electrophoresis in 0.8% (wt:vol) agarose gels (Biozym, Hess. Oldendorf, Germany) prepared in TAE buffer (40 mM Tris, 1 mM EDTA, pH set to 8.5 with acetic acid). The electrophoresis was carried out at 4 V/cm for 60 min. Double-stranded DNA was stained with ethidium bromide at 2 mg/liter. Gels were documented with a digital imaging system (Vilber Lourmat, Marne la Vallee, France).
Real-time polymerase chain reaction (qPCR) for F. verticillioides DNA was performed using primers VER1 and VER2 and SYBR Green ßuorescence monitoring according to a protocol adapted from qPCR assays for F. culmorum and F. graminearum (Mulè et al. 2004, Brandfass and Karlovsky 2008; Nutz, personal communication) . One microliter of 10 times diluted maize root DNA was used for each 25-l reaction. Standards were prepared from DNA of F. verticillioides FRC 8114 (Fusarium Research Center, Pennsylvania State University, University Park, PA), which was puriÞed and quantiÞed as described previously (Brandfass and Karlovsky 2006) . Two sets of standards ranging from 0.3 to 100 pg, dissolved in 10 times diluted maize DNA matrix, were analyzed with each sample set.
Data Analysis. For the analysis of the amount of F. verticillioides DNA in the roots, a dilution factor was calculated based on the mass of the root sample analyzed and the dilutions used during and after DNA extraction (see CTAB protocol in Brandfass and Karlovsky 2008) . The concentration of F. verticillioides DNA in the root samples (pg F. verticillioides DNA per mg root material) was calculated by division of the DNA starting quantity given by the icycler software (Biorad, Hercules, CA) by the calculated dilution factor. The data were log transformed and analyzed in a multivariate analysis of variance (ANOVA) using the concentration of F. verticillioides DNA as a dependent variable and timing and inoculum density as independent variables. The differences in root colonization of F. verticillioides in the timing treatments and between the inoculum densities were tested with a TukeyÔs honestly signiÞcant difference (HSD) test.
All statistical tests and transformations were carried out using the software STATISTICA 8.0 (StafSoft, Tulsa, OK). The overall number of larvae was transformed into ranks because of outliers and was analyzed with univariate ANOVA, using the larval number as the dependent variable and the applications with and without F. verticillioides as independent variables. The TukeyÔs HSD test was used for post hoc tests. The ratio of numbers of the second-and thirdinstar larvae was analyzed by transforming the data using the formula (number third-instar larvae Ϫnum-ber second-instar larvae) ϩ K, where K is a constant used to avoid negative values. The calculated values were analyzed using univariate general linear models with the ratio of second and third larval instar as a dependent variable and timing and inoculum density as independent variables. The head capsule widths were transformed into ranks and analyzed using univariate ANOVAs in combination with TukeÔs HSD test, for each timing treatment with the head capsule width as the dependent variable and inoculum density as independent variables. In addition, different timing treatments were compared against each other in a univariate ANOVA using the third-instar head capsule width as dependent and the timing treatment and the inoculum density as independent variable.
Results
Fusarium verticillioides Root Colonization. The effect of western corn rootworm larvae on F. verticillioides root colonization was signiÞcantly inßuenced by the timing of F. verticillioides inoculation (relative to western corn rootworm inoculation) and F. verticillioides inoculum density (timing, F ϭ 6.3; df ϭ 2,88; P Ͻ 0.05, inoculum, F ϭ 22.5; df ϭ 2,88; P Ͻ 0.05). At the high F. verticillioides inoculum density, western corn rootworm feeding increased F. verticillioides root colonization by 50-fold in the early timing treatment and by 10-fold in the simultaneous timing treatment. Western corn rootworm did not affect F. verticillioides root colonization at the low F. verticillioides inoculum density and in the late timing treatment (Fig. 1) . In the controls without western corn rootworm application, F. verticillioides colonization did not signiÞcantly differ between the timing treatments (F ϭ 0.42; df ϭ 2,28; P ϭ 0.65).
Larval Development. The number of larvae recovered from the soil did not differ between treatments (Fig. 2) . Neither timing of application nor amount of F. verticillioides applied inßuenced overall larval number (timing treatment F ϭ 0.79; df ϭ 2, 66; P ϭ 0.46, inoculum F ϭ 0.70, df ϭ 1, 67; P ϭ 0.41). The ratio of larval instars did signiÞcantly differ between treatments with and without F. verticillioides application (F ϭ 9.83; df ϭ 2, 102; P Ͻ 0.05; Fig. 2 ). The timing treatments however did not signiÞcantly inßuence larval instar composition (F ϭ 0.97; df ϭ 2, 102; P ϭ 0.37). Furthermore, the interaction between timing treatments and F. verticillioides inoculum density was not signiÞcant (F ϭ 0.70; df ϭ 4, 100; P ϭ 0.59).
In two of the three timing treatments (simultaneous and late), the head capsule widths of second-and third-instar larvae were signiÞcantly smaller in treatments with F. verticillioides than in treatments without F. verticillioides (Fig. 2) . In the early timing treatment, head capsule widths of second-and third-instar larvae were signiÞcantly smaller in the high F. verticillioides treatment than in the no F. verticillioides treatment but signiÞcantly larger in the low F. verticillioides treatment than in the no F. verticillioides treatment.
Discussion
We found that F. verticillioides reduced the growth of western corn rootworm larvae and that feeding by western corn rootworm larvae increased root colonization by F. verticillioides up to 50-fold. The time at which F. verticillioides was inoculated (before, simultaneous with, or after western corn rootworm) did not inßuence the effect of F. verticillioides on western corn rootworm larval development but did inßuence the enhancement of F. verticillioides colonization of roots caused by larval damage: larval damage increased F. verticillioides root colonization to a greater degree when F. verticillioides was applied earlier than the insect. This effect was not found when the fungus was applied later than the larvae (Fig. 1.) .
The earlier application of F. verticillioides could have enhanced the effect of western corn rootworm on F. verticillioides colonization by providing sufÞ-cient time for F. verticillioides to colonize the rhizosphere before the western corn rootworm larvae fed. This would have resulted in the F. verticillioides inoculum being present at the site of feeding injury when the injury occurred. Apparently, F. verticillioides was not able to invade older wounds, perhaps because of previous colonization by other microorganisms. The low colonization of the roots in the late treatment cannot be explained by a lack of time for the fungus to colonize the roots, because F. verticillioides colonization did not differ among the timing treatments in the absence of western corn rootworm.
Interestingly, studies investigating the increase of fungal infections caused by plant-pathogenic nematodes showed a reverse trend from that in this study (Powell 1971 , Mai and Abawi 1987 , Lamondia 1992 .
In a study by Lamondia (1992) , wilt caused by F. oxysporum (Schlecht) increased when fungus was applied after the nematode. While Lamondia attributed this increase of symptoms by systemic effects caused by the nematodes, our results indicate that there is no similar phenomenon with regard to western corn rootworm and F. verticillioides. In our case, simple wounding by larval feeding could explain the observed increase in F. verticillioides colonization, as has been reported in other studies (Stutz et al. 1985 , Kalb et al. 1994 .
F. verticillioides colonization of roots (as indicated by the quantity of F. verticillioides DNA detected in roots) in the absence of the western corn rootworm was quite low compared with unpublished data obtained in a similar experiment by M. Schumann (personal communication: 10 pg/mg root biomass in this study compared with up to 200 pg/mg in SchumannÕs study). It is interesting to note that, under this low infection pressure, western corn rootworm still had a strong impact on F. verticillioides infections in this study. However, given that in the low inoculum treatments western corn rootworm larvae did not cause increased colonization, a critical amount of F. verticillioides inoculum must be present for western corn rootworm damage to accelerate F. verticillioides colonization (Fig. 1) . Srinivas and Pasalu (1990) identiÞed F. verticillioides as a pathogen of the brown plant hopper Nilaparvata lugens (Stål), and Abbas and Mulrooney (1994) found that F. verticillioides and its metabolites reduced the growth of Heliothes virescens (Fabricius). In our study, F. verticillioides infection of the roots reduced head capsule width of second-and third- Fig. 1 . The quantity of F. verticillioides DNA/mg root (mean Ϯ SE) as affected by three timing treatments, two inoculum densities of western corn rootworm (with and without western corn rootworm), and three inoculum densities of F. verticillioides (no F. verticillioides, low F. verticillioides, or high F. verticillioides) . Within each timing treatment, bars with different letters are signiÞcantly different according to ANOVA (P Ͻ 0.05). The data for "no western corn rootworm, no F. verticillioides" were excluded from the analysis (and the corresponding bars do not appear) because F. verticillioides DNA was not detected in this treatment combination regardless of the timing treatment. Fig. 2 . Head capsule width (mean Ϯ SD, n Ͼ 100) and numbers of three larval instars (mean Ϯ SE) of the western corn rootworm as affected by three timing treatments and three inoculum densities of F. verticillioides (no F. verticillioides, low F. verticillioides, and high F. verticillioides) . No statistical analysis was carried out for Þrst-instar larvae because numbers were low (n Ͻ 10). Within each timing treatment and for each larval instar, bars with different letters are signiÞcantly different according to the general linear model P Ͻ 0.05. instar larvae and increased the ratio of second to third instars after 20 d of feeding. The early application of low F. verticillioides inoculum, however, increased head capsule width. Plant-pathogenic fungus (Solomon and Oliver 2001) or their metabolites (Wu et al. 2007) can increase the nitrogen and amino acid content of plant tissue, thus favoring insect development. Early colonization of the roots by F. verticillioides may improve the nutritional value of the roots for the larvae, and as long as the colonization of F. verticillioides is low, this positive indirect effect might exceed the negative direct inßuence of F. verticillioides on larval development. The delay of larval development in the simultaneous and late timing treatments indicates a direct negative effect of F. verticillioides on western corn rootworm larval development. Because the proportions of different larval instars were affected, F. verticillioides might have either inßuenced the ecdysis of the larvae or delayed their development. Some isolates of F. verticillioides produce traces of beauvericin, which is toxic to insects (Logrieco et al. 2003) . In general, production of beauvericin is commonly associated with infection of maize by F. proliferatum and F. subglutinans; studies dealing speciÞcally with F. verticillioides have not reported beauvericin production (Munkvold et al. 1998 , Shephard et al. 1999 , Pascale et al. 2002 . As mentioned previously, infection rates in our study were low, and F. verticillioides colonization might have had a stronger effect on western corn rootworm development had F. verticillioides inoculum densities or infection rates been higher.
This greenhouse study showed that western corn rootworm larval damage can increase root infection by F. verticillioides up to 50-fold, depending on the time when the plant-pathogenic fungus and the pest cooccur on the plant roots. The results also show that infection of the roots with F. verticillioides inßuences western corn rootworm larval development. It follows that fumonisin contamination of maize could increase with increasing western corn rootworm populations in Europe.
